Abstract: Spectral slice optical arbitrary waveform generation and measurement techniques synthesize and characterize wideband waveforms in many spectral slices. We show 160-GHz bandwidth measurements using 4 slices and 60-GHz bandwidth waveform generation in 6 slices.
Introduction
Increasing the single channel capacity requires either increasing its baud rate (bandwidth), or increasing its spectral efficiency (bits per symbol). With the fiber bandwidth nearly exhausted [1] both the spectral efficiency, through advanced modulation formats, and bandwidth must increase simultaneously. In many links employing advanced modulation formats, electrical digital-to-analog converters (DACs) create the modulator driving signals and coherent receivers with high-fidelity analog-to-digital converters (ADCs) record the full field and recover the transmitted symbols. Simultaneously obtaining both high-fidelity, commonly quantified as the effective number of bits (ENOB), and high bandwidth while relying on electrical ADCs and DACs is difficult because their fidelity decreases rapidly with bandwidth. Continued scaling of capacity will benefit from high-fidelity THz-bandwidth optical waveform generation and measurement capability.
Spectral slice dynamic optical arbitrary waveform generation (OAWG) techniques can synthesize optical waveforms that have bandwidths and fidelity larger than those obtained by relying on electronics ADCs and DACs alone [2] [3] . OAWG uses integrated optical elements to generate a large bandwidth signal in narrower spectral slices with bandwidths accessible by current electronics. Similar to OAWG, spectral slice optical arbitrary waveform measurement (OAWM) measures wideband waveforms in many narrower spectral slices. Additionally, spectralslice dynamic OAWG and OAWM directly extends the transmitter and the receiver bandwidth towards several terahertz without introducing losses as the bandwidth scales or requiring channelization of the spectrum [2] [3] [4] [5] [6] [7] .
Spectral slice dynamic optical arbitrary waveform generation
In OAWG, shown in Fig. 1(a) , the spectral slices are generated by separately modulating each line of an optical frequency comb (OFC) using an in-phase and quadrature-phase modulator (I/Q) and then coherently combining the slices to produce a waveform. A spectral multiplexer with isolating transmission separates each comb line from the reference OFC, and a spectral multiplexer with gapless transmission combines the slices [ Fig. 2 processing (DSP) determines the I and Q modulation signals for each slice that continuously generates the desired waveform. Using N slices, the bandwidth can increase by a factor of N over the current state-of-the art electronics. Fig. 1(b,c,d ) shows a six-slice 60-GHz waveform generation example highlighting some of OAWGs capabilities. Details of the experiment can be found in [8] which includes examples of QPSK, 8-PSK, OFDM and of flexible bandwidth networking waveform generation. The OAWG transmitter simultaneously produces three binary phase shift keyed (BPSK) channels at 25-GBd, 20-GBd, and 15-GBd. Each channel has a rectangular spectral shape without a guard band, an important advantage of OAWG over other architectures. Fig. 1(c) shows the waveform's spectrum where the different colored sections indicate the different channels and the bars and dot indicate the location of each spectral slice and comb line. Fig. 1(b) shows a 2-ns section comparison between the waveform (blue/red) and the target (grey). The aggregate waveform does not resemble data because it is the superposition of three different BPSK data signals at different center wavelengths. However, the measured eye diagrams are open [ Fig. 1(d) ] indicating the successful generation of the three subcarriers.
Spectral slice dynamic optical arbitrary waveform measurement
Similar to OAWG, spectral slice OAWM measures a waveform in M spectral slices with spacing Δf M against each comb line from an M-line OFC. Fig. 2(a) shows an OAWM device consisting of two spectral demultiplexers which pair a reference comb line with a slice and a digital coherent receiver (i.e., an optical 90 degree hybrid, two balanced photoreceivers and two high-speed ADCs) to measure the I and Q components of the slice and DSP [ Fig. 2(b) ] reproduces the waveform. Generally, electronic ADC technology outpaces DAC technology and therefore OAWM more easily obtains larger bandwidths than OAWG. As an example of OAWM performance, Fig. 2(d,e) show a 160-GHz bandwidth measurement in four 40-GHz spectral slices using an integrated receiver of a complex waveform consisting of a transform limited pulse interleaved with a cubic spectral waveform in a pre-programmed pattern [5] .
Conclusions
We have shown the capabilities of the dynamic OAWG and OAWM system to handle continuous waveforms with scalable bandwidths. In particular, an OAWG transmitter produced three BPSK waveforms with different baud rates without guard bands simultaneously. Future work will continue scaling the OAWG system to terahertz bandwidths.
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